Dynamic multi-link indoor MIMO measurements at 5.3 GHz.
Measurement Setup 1 Introduction
With the constantly growing need for higher data rates, the shown potential of single link multiple-input multiple-output (MIMO) technology has drawn huge attention from the wireless community during the last ten years [13, 9, 5] . Already today some WLAN products (e.g., Draft 802.11n) utilizing the MIMO technology are available. The density of different wireless networks such as WLAN and WiMAX is increasing, and with the increased number of MIMO products the need to understand the effects of multi-user interference in multi-link MIMO scenarios is growing.
The capacity regions of multi-link MIMO have been extensively studied theoretically for both the downlink [4, 14, 12] and uplink [11, 9, 15] . In [3] the optimum signaling in terms of system capacity is derived. In addition to the theoretical work of multi-link MIMO channels, channel measurements are needed to extend the understanding of those channels. Today, there exists some static multi-link MIMO measurements, where several single-link MIMO measurements have been taken and used to form a static multi-link scenario [6] . In this paper we describe a measurement setup capable of 
The LU and TKK Sounders
The receiver of the TKK sounder [7] is basically a down converter and sampling unit and all the signal processing, including the correlation of the received signal with the transmission signal, is done in a post processing process. Hence, the post-processing can be easily adjusted for other types of sounding signals. The Lund University (LU) sounder is a commercial RUSK [10, 1] Fig. 2 ). This time difference is not known, but will stay constant during a measurement and also between the measurements (unless the sounders are shut down) and is adjusted in the post-processing. 3) the LU TX switch and the TKK RX switch are not synchronized, resulting in that the channels are mixed up. This was solved by using a matched load at one of the TX channels and at one of the TKK RX channels, which makes it possible to synchronize the switching patterns in the post-processing using these dummy channels. 4) the start of a measurement is not synchronized between the LU TX and the TKK RX, hence the mapping of the MIMO snapshots of the LU TX with the MIMO snapshots of the TKK RX was solved by using a switch in the LU TX. Hence, in all of the measurements the transmitter power was switched on shortly after the sampling was started at both receivers. Using the snapshots where the power is switched on as a reference, the MIMO snapshots of the TKK and LU sounders can be synchronized in the post-processing.
Antennas
The antenna structures used in the measurement system are shown in Fig. 3 . Ppn n n n n n n n n n n n n n n n n ... n n n n n similar to e.g., an airport terminal, or a part of a shopping mall. In the measurement, the RX1 (LU RX) was located in the middle of the entrance hall and the RX2 (TKK RX) was located in a nearby corridor (see Fig. 5 ). This type of measurement scenario represents a real life application with two WLAN base stations, one in the entrance hall and one in the neigbouring corridor. The TX was moved from the RX1 to the RX2 around the corner, and went from LOS to NLOS of RX1 and vice versa for RX2 link. In the corner the TX is being in LOS for both RX1 and RX2. A common reference was not feasible, hence the local rubidium clocks of the sounders were synchronized [2] . The height of the antennas was 160 cm for the TX and 190 cm for the RXs. 
Measurement Results
In this section we present results based on the measurement campaign.
Delay Spread and Power Decay
In Fig. 6 the pathloss is plotted together with a least square line fit (the powers are not absolute, but biased for visibility reasons).' The pathloss exponents are for the TX -RX1: 2.2 and 8.2, and for TX -RX2: 1.5 and 9.7. In the figure we also present the delay spread as a function of distance estimated as [8] A~T 
where NT and NR are the number of transmitter and receiver elements, respectively, and where After pre-whitening the interference plus noise by multiplying y with RI 1/2, the known results from [13, 9, 5] could be used to express the channel capacity between the input and output for the user of interest as [3] Ck = log2 [det (INR + N HkHHRI1)
First we assume perfect power control (normalized transfer matrices) for one link of interest TX -RX1 (TX -RX2) with one interfering link TX -RX2 (TX -RX1). In Fig. 7 , we present the capacity for a 4 x 4 system for (i) a single-link scenario where p = 15 dB and rql =-oc dB and (ii) for a multi-link scenario where p= 15 dB and rl = 3 dB.
In order to get an additional MIMO link, two TX positions were used, taken with a separation of 530 snapshots (approximately 10 m). TX2 is therefore about 10 m ahead of TX1. In Fig. 8 , we plot the capacity of the channels with interference relative to the channels without interference. Both transmitters used the same transmit-power, and TX1 as well as TX2 was moving on the route from RX2 to RX1 (see Fig. 5 ). We assume perfect channel knowledge at the receivers and no channel knowledge at the transmitters. Each transmitter and each receiver used 4 antennas. I.e., there are four 4 x 4 MIMO channels in the evaluated multi-link MIMO-channel. In the investigated measurement, the link TX1-RX1 communicate "over" TX2 and therefore has larger interference than the link TX1 -RX2 as seen in the figure. The average evaluation SIR varies between -dB... + 27dB and O... + 21dB for the MIMO channels TX1 -RX2 and TX2 -RX1, respectively. Consequently, the other two links (TX1 -RX1 and TX2-RX2) had a SIR of -21dB... OdB and -27dB... + 1dB.
For the same scenario as in Fig. 8 , the relative capacities as a function of the signal-to-interference ratio (SIR) are plotted in Fig. 9 . A clear correlation between the SIR and the relative capacity is seen.
Interference Suppression
Here, we propose a simple metric for the multi-link MIMO channel interference robustness. We use the SIR after spatial filtering the interference transfer matrix with the singular vector associated with the largest singular value; the mode associated with the largest singular value contributes most to the capacity and is the one also used in MRC/MRT schemes. Fig. 5 ). The power of the channel mode of interest is for the normalized transmfer matrix PO = UHHovoi,l s2 (8) where uo,1 corresponds to the singular vector of the largest singular value. The power of the interference after spatial filtering is then for the L normalized transfer matrices
where * 1 UF is the Frobenius norm. The channel SIR for the normalized transfer matrices is then PO =PI (10) In Fig. 10 , we plot the Po and PI and -q for 50 positions when the TX is moved from RX1 to RX2 (see Fig. 5 ). 
